Introduction {#s1}
============

The incidence of obesity is increasing at an alarming rate worldwide. Dysfunction of adipogenesis is a hallmark of obesity. Therefore, understanding adipogenesis, the adipocyte differentiation from fibroblast-like preadipocytes to lipid-loaded adipocytes, is relevant for identifying targets for pharmacological interventions. The process of adipogenesis is regulated by an elaborate network of transcription factors that coordinate the expression of hundreds of proteins responsible for establishing obesity. In the centre of that network are the two master regulators of adipocyte differentiation, the peroxisome proliferator-activated receptor γ (PPAR-γ) and CCAAT/enhancer binding protein α (C/EBPα) ([@b12]). PPAR-γ is a nuclear hormone receptor, essential for adipogenesis ([@b18]; [@b38]). C/EBP proteins are a family of transcription factors with different functions. C/EBPα is considered a primary transcription factor that mediates adipogenesis. Early in the differentiation program C/EBPβ is expressed, which is the transcriptional activator of PPAR-γ and C/EBPα. Its activity is delayed by CHOP (also called growth arrest-DNA damage-induced 153, GADD153), a dominant negative form of C/EBP family members ([@b20]) that blocks adipogenesis ([@b5]). Interestingly, CHOP protein is degraded by the ubiquitin (Ub) proteasome system (UPS) and proteasome inhibitors affect adipocyte differentiation ([@b20]).

The CSN is a regulator of the UPS in all eukaryotic cells ([@b17]; [@b27]; [@b37]). This function of the CSN is predominantly executed by influencing the activity of cullin-RING Ub ligases (CRLs). The CSN forms supercomplexes with CRLs and removes the Ub-like protein Nedd8 from cullins. CSN-mediated deneddylation ([@b8]) inhibits CRL activity ([@b9]; [@b10]; [@b26]). CRLs specifically recognize substrates of the UPS by their substrate recognition subunit (SRS). For example, SRSs of cullin 1 (Cul1)-containing complexes, CRL1s, are F-box proteins such as Skp2 or β-TrCP, whereas cullin 3 (Cul3) ligases (CRL3s) possess BTB proteins such as Keap1 for substrate recognition ([@b9]). The CSN is associated with Ub-specific protease 15 (USP15) that protects CRL components from autoubiquitination and degradation ([@b15]; [@b29]; [@b36]; [@b40]). CSN associated kinases phosphorylate substrates of the UPS which modulates protein stability ([@b14]).

Recently we have shown that the CSN has a role in adipogenesis ([@b25]). Inhibitors of CSN associated kinases such as curcumin and curcumin-like substances block the production of VEGF in tumor cells ([@b6]; [@b24]) as well as in adipocytes ([@b25]). Inhibition of adipocyte VEGF production is one explanation for the fact that obesity is downregulated by curcumin ([@b1]; [@b2]; [@b11]) or resveratrol ([@b3]; [@b4]). Here we show that the curcumin-like compound piceatannol induces CHOP in LiSa-2 preadipocytes, which blocks adipocyte differentiation. Permanent overexpression of Flag-CHOP in LiSa-2 cells inhibits VEGF production and lipid droplet formation. Permanent downregulation of the CSN in LiSa-2 cells stabilizes CHOP and retards adipogenesis. CHOP degradation is controlled by a supercomplex containing the CSN, Cul3 and Keap1.

Results {#s2}
=======

Piceatannol induces CHOP and blocks adipogenesis {#s2a}
------------------------------------------------

Piceatannol is a naturally occurring stilbene and belongs to curcumin-like compounds ([@b6]; [@b13]). Our microarray data indicated that 50 µM piceatannol induced the expression of CHOP mRNA approximately 8-fold in HeLa cells after 6 h of treatment, which was even more effective than curcumin (GEO accession: GSM472500). A substantial increase of CHOP protein was detected by Western blotting in LiSa-2 preadipocytes and in differentiated adipocytes upon piceatannol treatment for 6 h. After 24 h CHOP almost completely disappeared to its original low level ([Fig. 1A](#f01){ref-type="fig"}). Piceatannol just like curcumin ([@b25]) significantly reduced the VEGF production by LiSa-2 cells already after 2 h of treatment ([Fig. 1B](#f01){ref-type="fig"}). Images in [Fig. 1C](#f01){ref-type="fig"} clearly demonstrate that in contrast to the control with DMSO, preadipocytes did not differentiate to adipocytes in the presence of 50 µM piceatannol. Confluent LiSa-2 cells were treated with insulin, cortisol and triiodthyronine to initiate differentiation, which was monitored by a protocol described before ([@b35]). As shown by Oil Red O (ORO) staining lipid droplets accumulated significantly in DMSO control cells but not in the presence of piceatannol where we found apoptotic cells after 22 days ([Fig. 1C](#f01){ref-type="fig"}).

![Piceatannol induces CHOP and inhibits differentiation of LiSa-2 preadipocytes.\
(**A**) Undifferentiated LiSa-2 cells and LiSa-2 cells after 22 days of differentiation were treated with 50 µM piceatannol and Western blots were performed. (**B**) VEGF concentration of LiSa-2 cell supernatants from 10^6^ cells was determined by ELISA. VEGF production was significantly reduced by 50 µM piceatannol after 2, 6 and 24 h (\**P*\<0.0001, *n* = 8). (**C**) The formation of lipid droplets was visualized by ORO staining and nuclei by hemotoxylin using the Adipogenic differentiation kit in undifferentiated LiSa-2 cells and after 22 days of differentiation without (DMSO) or with piceatannol treatment. After 22 days in the presence of piceatannol apoptotic cells were observed. Microscopy was performed at 200-fold magnification.](bio-01-08-705-f01){#f01}

LiSa-2 cells permanently overexpressing CHOP do not differentiate {#s2b}
-----------------------------------------------------------------

We established Flag-CHOP-LiSa-2 cells which permanently express Flag-CHOP ([Fig. 2A](#f02){ref-type="fig"}). Interestingly, this caused a slight reduction of CSN subunit steady state levels. However, an elevation of neddylated versus deneddylated Cul1 was not observed. In contrary, deneddylated Cul1 and Cul3 increased. PPAR-γ was clearly reduced ([Fig. 2A](#f02){ref-type="fig"}).

![Permanent overexpression of CHOP prevents differentiation of LiSa-2 cells.\
(**A**) The Western blot compares lysates from Flag-LiSa-2 control cells and Flag-CHOP-LiSa-2 cells permanently expressing Flag-CHOP. (**B**) Flag-LiSa-2 cells and Flag-CHOP-LiSa-2 cells were treated with a hormone cocktail to induce differentiation. After days 1, 8, 15 and 22 the VEGF concentration was measured in the supernatants of 10^5^ cells (\**P*\<0.0001, *n* = 6). (**C**) Lipid formation was analyzed by ORO staining using the Adipogenic differentiation kit after days 1, 8, 15 and 22 upon stimulation of differentiation in Flag-CHOP-LiSa-2 cells and in control cells. Nuclei appear in blue. Microscopy was performed at 200-fold magnification. (**D**) Dynamics of selected regulatory proteins at days 1, 8, 15 and 22 after stimulation of differentiation analyzed by Western blotting. Flag-CHOP and endogenous CHOP are indicated.](bio-01-08-705-f02){#f02}

The ability of differentiating preadipocytes to produce VEGF and other adipokines is a major hallmark of cell vitality and proper adipocyte differentiation ([@b7]; [@b34]). After induction of differentiation by hormones the VEGF production in Flag-CHOP-LiSa-2 cells was significantly blocked and declined below 25% compared to control at day 1, 8, 15 as well as 22 ([Fig. 2B](#f02){ref-type="fig"}). Moreover, ORO stain revealed that there was no detectable accumulation of lipid droplets in Flag-CHOP-LiSa-2 cells ([Fig. 2C](#f02){ref-type="fig"}). The dynamics of Flag-CHOP revealed that it was high in preadipocytes and declined during differentiation ([Fig. 2D](#f02){ref-type="fig"}). There was a reduction of CSN1, which however had no impact on Cul1 or Cul3 neddylation. After induction with hormones in Flag-CHOP-LiSa-2 cells Keap1 was mostly unchanged whereas PPAR-γ was reduced throughout the 22-day period ([Fig. 2D](#f02){ref-type="fig"}). In summary, these data demonstrate that permanent overexpression of CHOP is sufficient to block adipocyte differentiation.

Knockdown of CSN1 prevents LiSa-2 cell differentiation {#s2c}
------------------------------------------------------

LiSa-2 cells were established which permanently express specific siRNA against CSN1. Our siCSN1-LiSa-2 cells were analyzed by Western blotting. Similar as in siCSN1-HeLa cells ([@b19]) the protein steady state level of CSN1 was permanently downregulated to approximately 40% as compared to control cells ([Fig. 3A](#f03){ref-type="fig"}). This is accompanied with a reduction of the entire CSN complex as it has been shown before in siCSN1-HeLa cells ([@b19]). Downregulation of the CSN caused an approximately 2-fold increase of endogenous CHOP protein in siCSN1-LiSa-2 cells, demonstrating a reciprocal correlation between the CSN and CHOP. Knockdown of the CSN increased the ratio of neddylated versus deneddylated Cul1, which was not observed for Cul3. The BTB protein Keap1 and the transcriptional regulator PPAR-γ were reduced in siCSN1-LiSa-2 cells as compared to siGFP-LiSa-2 control cells ([Fig. 3A](#f03){ref-type="fig"}). In siCSN1-LiSa-2 cells the VEGF production was reduced to less than 20% compared to control values at day 1, 8, 15 as well as 22 ([Fig. 3B](#f03){ref-type="fig"}). In contrast to control cells siCSN1-LiSa-2 cells did not form detectable lipid droplets during 22 days ([Fig. 3C](#f03){ref-type="fig"}). The steady state levels of CSN1 and CSN8 remained downregulated over 22 days in siCSN1-LiSa-2 cells. As consequence CHOP protein increased significantly at day 8 and 15. The ratio of neddylated/deneddylated Cul1 increased during the process, whereas neddylation of Cul3 seemed not to be affected. There is a decrease of Keap1 as well as of PPAR-γ in siCSN1-LiSa-2 cells as compared to normally differentiating control cells ([Fig. 3D](#f03){ref-type="fig"}). Summing up, downregulation of the CSN led to a block of LiSa-2 cell differentiation.

![Downregulation of CSN1 prevents differentiation of LiSa-2 cells.\
(**A**) The Western blot compares lysates from siGFP-LiSa-2 control cells and siCSN1-LiSa-2 cells permanently expressing siRNA against CSN1. (**B**) siGFP-LiSa-2 cells and siCSN1-LiSa-2 cells were treated with a hormone cocktail to induce differentiation. After days 1, 8, 15 and 22 the VEGF concentration was measured in the supernatants of 10^5^ cells (\**P*\<0.0001, *n* = 6). (**C**) Lipid formation was analyzed by ORO staining using the Adipogenic differentiation kit after days 1, 8, 15 and 22 upon stimulation of differentiation. After these conditions nuclei are blue. Microscopy was performed at 200-fold magnification. (**D**) Dynamics of selected regulatory proteins during differentiation at days 1, 8, 15 and 22 analyzed by Western blotting.](bio-01-08-705-f03){#f03}

Degradation of CHOP is mediated by the CSN-CRL3^Keap1^ supercomplex {#s2d}
-------------------------------------------------------------------

Immunoprecipitations with anti-CSN7 antibody from LiSa-2 cell lysates revealed CHOP in the precipitate. On the other hand, the CSN was co-immunoprecipitated with the anti-CHOP antibody ([Fig. 4B](#f04){ref-type="fig"}). In addition, Cul3 was identified in the precipitate indicating that a CSN-CRL3 supercomplex might control CHOP ubiquitination. Human CHOP complete cDNA ([Fig. 4A](#f04){ref-type="fig"}) was cloned into Flag-vector. Interestingly, transient overexpression of Flag-CHOP in LiSa-2 cells led to a downregulation of CSN subunits ([Fig. 4C](#f04){ref-type="fig"}). Also PPAR-γ was clearly reduced. Flag-CHOP pulldowns confirmed that CHOP occurs in supercomplexes containing the CSN and Cul3 but not Cul1 ([Fig. 4D](#f04){ref-type="fig"}). Co-expression of Xpress-His-CSN1 and Flag-CHOP and subsequent pulldown with His-beads demonstrated binding of CHOP to the CSN subunit CSN1 ([Fig. 4E](#f04){ref-type="fig"}).

![CHOP occurs in complexes together with the CSN and with Cul3.\
(**A**) Functional domains of the CHOP protein. (**B**) The immunoprecipitation with the anti-CSN7 antibody revealed CHOP in the precipitate and the anti-CHOP antibody co-precipitated CSN8 and Cul3 as shown by Western blots. (**C**) Transient overexpression of Flag-CHOP in LiSa-2 cells led to slight reduction of CSN3 and CSN8 and a decrease of PPAR-γ. (**D**) Flag-CHOP was transiently overexpressed in LiSa-2 cells and then pulled down by Flag beads (Flag-PD) as described in [Materials and Methods](#s4){ref-type="sec"}. CSN8 and Cul3 but not Cul1 were detected in the precipitate by Western blotting. (**E**) Xpress-His-CSN1 and Flag-CHOP were co-expressed in LiSa-2 cells. Pulldown of Xpress-His-CSN1 with His beads revealed a co-precipitation of Flag-CHOP.](bio-01-08-705-f04){#f04}

Immunoprecipitation of CHOP from Flag-CHOP-LiSa-2 cells revealed Keap1 as a putative SRS for CHOP in the CSN-CRL3 complex ([Fig. 5A](#f05){ref-type="fig"}). Keap1 was also analyzed in glycerol density gradients with Flag-CHOP-LiSa-2 cell lysates ([Fig. 5B](#f05){ref-type="fig"}). In these experiments Keap1, Cul3, the CSN and CHOP co-sedimented to the same fractions (4--8), confirming the formation of supercomplexes consisting of CSN-CRL3^Keap1^. To see whether CHOP degradation is influenced by Keap1 specific siRNA against Keap1 was transiently transfected into Flag-CHOP-LiSa-2 cells. Keap1 was downregulated by approximately 60% ([Fig. 5C](#f05){ref-type="fig"}). This led to a significant increase of CHOP steady state levels as compared to the siGFP-LiSa-2 control cells at time point 0 h ([Fig. 5C,D](#f05){ref-type="fig"}). Knockdown of Keap1 also stabilized Nrf2, a transcription factor which is known to be ubiquitinated in a Keap1-dependent manner ([@b31]). As shown in cycloheximide (CHX) chase experiments downregulation of Keap1 caused retardation of CHOP degradation as compared with control cells ([Fig. 5C,D](#f05){ref-type="fig"}). Treatment with the proteasome inhibitor MG132 led to significant stabilization of Flag-CHOP. In the presence of MG132 a stronger accumulation of Ub conjugates was observed in controls contrary to Keap1 downregulation ([Fig. 5C](#f05){ref-type="fig"}). Based on these results we concluded that CHOP degradation is mediated by CRL3^Keap1^.

![CHOP degradation is mediated by a complex containing Cul3, Keap1 and the CSN.\
(**A**) The immunoprecipitate with the anti-CHOP antibody from Flag-CHOP-LiSa-2 cell lysate contained Cul3, Keap1 and the CSN as shown by Western blotting. (**B**) Density gradient centrifugation was performed with lysate from Flag-CHOP-LiSa-2 cells. Western blots of fractions with different density were performed with antibodies against Cul3, Keap1, CSN3, CSN8 and CHOP. The density gradient was calibrated with purified CSN (about 400 kDa, fractions 5--7) and with purified 20S proteasome (about 700 kDa, fractions 8--10). (**C**) siKeap1 and control siGFP were transiently transfected into Flag-CHOP-LiSa-2 cells. After transfection (48 h) CHX chase experiments were performed. Western blots were carried out with indicated antibodies. (**D**) CHX data as shown in [Fig. 5C](#f05){ref-type="fig"} were quantified by densitometry, normalized against γ-tubulin and plotted as relative CHOP amount versus time. Error bars were calculated from standard deviations of three independent experiments. Unpaired Student\'s t-test was used for statistical analysis and statistical significance is indicated as: \*\**P*\<0.05.](bio-01-08-705-f05){#f05}

Discussion {#s3}
==========

In our experiments adipogenic differentiation of LiSa-2 preadipocytes was induced by treating confluent cells with a cocktail containing insulin, cortisol and triiodthyronine. This model is well suited for monitoring adipocyte differentiation ([@b25]; [@b33]; [@b35]). Insulin is classically viewed as a promoter of adipogenesis as it increases the expression of CREB and PPAR-γ ([@b12]). Cortisol enhances adipogenic differentiation by upregulating C/EBPs ([@b39]) and triiodthyronine increases lipid droplet formation ([@b22]). The current accepted model of adipogenesis starts with the increased expression of C/EBPβ, which then induces the expression of PPAR-γ and C/EBPα forming a positive feed-back loop by activating each other\'s expression. This leads to the coordinated expression of hundreds of regulatory proteins and enzymes responsible for establishing the mature fat-cell phenotype ([Fig. 6](#f06){ref-type="fig"}). CHOP is a major regulator of adipocyte differentiation. Its expression can be induced by curcumin ([@b30]) or by the curcumin-like compound piceatannol (as shown here) which leads to inhibition of adipocyte differentiation most likely by interfering with the adipogenic C/EBP isoforms ([@b5]). This is associated with a significant reduction of the VEGF production and blocks lipid droplet formation by LiSa-2 cells. An increase of CHOP protein alone can retard adipogenesis, which is demonstrated in LiSa-2 cells permanently expressing Flag-CHOP. In Flag-CHOP-LiSa-2 cells PPAR-γ was reduced suggesting that overexpressed Flag-CHOP is in fact active as a negative regulator of transcription.

![Model of adipocyte differentiation and the impact of CHOP.\
Adipocyte differentiation was induced by the hormones insulin, cortisol and triiodthyronine. This causes an increased expression of C/EBPβ, which then induces the expression of PPAR-γ and C/EBPα forming a positive feed-back loop by activating each other\'s expression. This is followed by the coordinated expression of proteins responsible for establishing the mature fat-cell phenotype. CHOP is a major negative regulator of adipocyte differentiation. It blocks the transactivation of pro-adipogenic C/EBPs. The expression of CHOP is induced by the curcumin-like compound piceatannol. In addition, CHOP can be stabilized by downregulation of the CSN most likely by exposing Keap1 to increased autocatalytic degradation via CRL3. Keap1 is presumably protected by USP15 associated to the CSN.](bio-01-08-705-f06){#f06}

An important layer of CHOP regulation is the control of its protein stability. The fact that CHOP degradation is reduced by Keap1 knockdown in addition to our CSN-Cul3-Keap1-CHOP binding studies led us to conclude that CHOP is ubiquitinated by the CRL3^Keap1^ complex, which is regulated by the CSN. Interestingly, CHOP protein is stabilized in siCSN1-LiSa-2 cells leading to inhibition of adipogenesis. The complex relation between CHOP stability and CSN downregulation can be explained as follows. BTB proteins including Keap1 are ubiquitinated autocatalytically by CRL3 and subsequently degraded ([@b21]; [@b36]). The CSN is associated with USP15 protecting BTB3 protein against destabilization as shown in *S. pombe* ([@b28]). We conclude that downregulation of the CSN is accompanied by a reduction of USP15-mediated protection of CRL3-bound Keap1 leading to an increase of CHOP. This causes inhibition of PPAR-γ expression and a blockade of adipogenesis.

As shown in our model ([Fig. 6](#f06){ref-type="fig"}) upregulation of CHOP either by forced induction or by inhibition of degradation prevents adipocyte differentiation and consequently averts adipose tissue growth and obesity. Our results demonstrate that CHOP is a distinguished target for pharmacological intervention of obesity.

Materials and Methods {#s4}
=====================

Cell culture, adipocyte differentiation and ORO staining {#s4a}
--------------------------------------------------------

We used human liposarcoma cells (LiSa-2) to study adipocyte differentiation *in vitro*. Cells were cultured under standard conditions at 37°C and 5% CO~2~ and grown in Iscove/RPMI 4∶1 with 10% fetal calf serum (FCS; Biochrom, Berlin, Germany), 100 U/ml penicillin and 0.1 mg/ml streptomycin or serum-free, basal medium ((DMEM/F12 (1∶1)) supplemented with 10 mg/ml transferin, 15 mM NaHCO~3~, 15 mM HEPES, 33 mM biotin, 17 mM pantothenate, 100 U/ml penicillin and 0.1 mg/ml streptomycin. To induce differentiation of confluent LiSa-2 cells, cells were cultured in serum-free medium supplemented with 1 nM insulin, 20 pM triiodthyronine and 1 mM cortisol (adipogenic medium). LiSa-2 cells were plated on a 6-well-plate and cultured for 24 h with Iscove/RPMI medium. The culture medium was incubated with or without 50 µM piceatannol (Calbiochem, Darmstadt, Germany) in DMSO. Differentiation was monitored by a protocol described before ([@b35]) and assessed by ORO staining using the Thermo Scientific HyClone complete AdvanceSTEM^TM^ Adipogenic differentiation kit (Thermo Fisher Scientific, Schwerte, Germany). In this protocol provided by the manufacturer lipid droplets are stained with ORO and nuclei with hemotoxylin. Differentiated cells were harvested after 1, 8, 15 and 22 days of initiation of differentiation. During differentiation the medium was changed every other day.

siRNA knockdown cells, stable and transient transfections {#s4b}
---------------------------------------------------------

LiSa-2 cell lines permanently expressing siRNA oligos against CSN1 or GFP as a control construct were generated using the pSUPER system ([@b23]). CHOP cDNA was obtained by PCR and cloned into pcDNA3.1 vector (Invitrogen, Freiburg, Germany) encoding an N-terminal Flag-tag. Flag-CHOP-pcDNA3.1 and Flag-pcDNA3.1 as a control construct were transfected into LiSa-2 cells. Single clones were used to obtain resistant cell lines with 1 µg/ml of puromycin for siCSN1 and siGFP cells or with 0.25 mg/ml of neomycin for Flag-CHOP-pcDNA3.1 and Flag-pcDNA3.1 cells. For transient transfection siKeap1 und siGFP (Cell Signaling, Boston, USA) were transfected in Flag-CHOP-LiSa-2 cells. 48 h after transfection the cells were lyzed. The supernatants were analyzed by SDS-PAGE and Western blotting.

Pulldowns, immunoprecipitation, glycerol gradients and Western blotting {#s4c}
-----------------------------------------------------------------------

Flag pulldowns were performed using Flag beads and anti-Flag antibody from Sigma-Aldrich (St. Louis, USA) ([@b16]). Xpress-His-CSN1 was pulled down by His beads as outlined before ([@b16]). Immunoprecipitations with the anti-CSN7 and the anti-CHOP antibodies were carried out as described ([@b32]). CHX experiments were performed using a final concentration of CHX of 20 µg/ml ([@b15]).

Glycerol gradient centrifugation analysis was performed as described ([@b16a]).

Proteins were separated and analyzed by SDS-PAGE and Western blotting using antibodies against Cul1 and Cul3 (Oncogene, Cambridge, USA), CSN1 and CSN8 (Enzo, Lausen, Switzerland), CSN3 ([@b32]), CHOP, Keap1, PPAR-γ, Nrf2 and γ-tubulin (Santa Cruz, Santa Cruz, USA). Densitometry was carried out applying the ImageJ software.

VEGF production and statistics {#s4d}
------------------------------

For the quantification of VEGF protein levels in the supernatants of LiSa-2 cells human VEGF ELISA kit (RayBio, Norcross, USA) was employed. Statistics were calculated with Microsoft Excel and with the GraphPad InStat3 software. Error bars were calculated from standard deviations and unpaired Student\'s t-test was used for statistical analysis.
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